The present study aimed to investigate the mechanism by which cyclooxygenase-2 (coX-2) promotes the metastasis of MG-63 osteosarcoma cells through the Pi3K/aKT/nF-κB pathway. To achieve this, a recombinant lentivirus containing the coX-2 gene was constructed in order to overexpress coX-2; a recombinant lentivirus containing a control sequence was also constructed. a Transwell chamber migration assay was performed to quantify the migration of the coX-2-transduced cells, and of cells treated with a coX-2 inhibitor (nS398) or a Pi3K inhibitor (lY294002). immunofluorescence assays were performed to determine changes in e-cadherin, vimentin and nF-κB expression levels. eliSas were performed to quantify the levels of matrix metallopeptidase (MMP)-2, MMP-9 and vascular endothelial growth factor (VeGF) in the culture medium. Western blot analysis was conducted to measure the protein expression levels of MMP-2, MMP-9, Pi3K, phosphorylated (p-) Pi3K, aKT, p-aKT, inhibitor of nF-κΒ kinase (IKK) and p-IKK. The results demonstrated that the migration ability of the COX-2-overexpressing MG-63 cells was significantly increased compared with the control cells. The migration ability of cells treated with NS398 or LY294002 was significantly decreased. compared with the control cells, e-cadherin expression was significantly decreased in COX-2-overexpressing cells, while the expression levels of vimentin, MMP-2, MMP-9, VeGF, p-Pi3K, p-aKT and p-iKK were significantly increased. compared with the control cells, e-cadherin expression was significantly increased in cells treated with nS398 or lY294002, while the expression levels of vimentin, MMP-2, MMP-9, VEGF, p-PI3K, p-AKT, and p-IKK were significantly decreased. The total protein levels of Pi3K, aKT and iKK were not changed among the treatment groups. in summary, coX-2 overexpression decreased the expression levels of the epithelial protein e-cadherin and increased the expression levels of the mesenchymal proteins vimentin, MMP-2 and MMP-9, as well as promoted cell migration, by activating the Pi3K/aKT/nF-κB signaling pathway.
Introduction
osteosarcoma is a common and highly malignant osteoblastic tumor that originates from mesenchymal cells. osteosarcoma has high metastasis and recurrence rates (1) , more than 85% of patients eventually succumbing to the disease due to lung metastases (2) , before the advent of multimodality treatment methods. Therefore, metastasis is considered to be the primary cause of mortality in patients with osteosarcoma (2, 3) . The prevention of metastases is expected to effectively reduce the rate of mortality from osteosarcoma. The mechanisms of tumor metastasis are highly complex, as the pathogenesis of tumors varies due to differences in the genetic background and the microenvironment of the tumor. it has been reported that epithelial-mesenchymal transition (eMT) has a pivotal role in the metastatic process in many types of tumor cells (4) and promotes the metastasis of epithelial neoplasms (5) . However, as osteosarcoma arises from cells of a mesenchymal origin, it is unclear whether eMT is necessary for the metastasis of osteosarcoma. in a previous study on eMT-related transcription factors, it was found that the knockout of twist family bHlH transcription factor 2 (Twist2) promoted eMT and metastasis of osteosarcoma cells; therefore, Twist2 functions as a tumor suppressor gene (6) . Knockout and overexpression experiments revealed that snail family transcription repressor 2 (Snai2) regulated the invasion and metastasis of osteosarcoma cells, and that knockout of SNAI2 resulted in significantly decreased motility, remodeling of the actin cytoskeleton and loss of cellular protrusions, which contributed to the negative regulation of tumor invasion and metastasis (7). cyclooxygenase-2 (coX-2), an inducible cyclooxygenase and a rate-limiting enzyme in prostaglandin synthesis, is associated with inflammatory diseases, and can promote angiogenesis and tissue invasion in cancer (8, 9) . in osteosarcomas, the rate of tumors with a positive expression of coX-2 is 67-92%, and the expression of coX-2 in osteosarcoma stem cells is 141-fold greater than its expression in osteosarcoma cells (10) (11) (12) . Previous studies have also found that the overexpression of coX-2 in osteosarcomas increased the expression levels of matrix metallopeptidase (MMP)-2 and MMP-9 (13) , and promoted cell motility and invasiveness (14) . However, further work is required to determine whether COX-2 can promote eMT and migration in osteosarcoma cells.
Previous studies have reported that the Pi3K/aKT/nF-κB signaling pathway is abnormally activated in many metastatic tumors (15, 16) . while other studies have found that mutations in AKT may lead to a higher metastatic risk in patients with osteosarcoma (17, 18) . However, to the best of our knowledge, the relationship between coX-2 and the Pi3K/aKT/nF-κB pathway has not been characterized in the context of osteosarcoma. Therefore, in the present study, the effects of coX-2 on eMT and migration in MG-63 osteosarcoma cells were investigated with respect to Pi3K/aKT/nF-κB signaling.
Materials and methods
Cells and reagents. The 293T cell line and the osteosarcoma MG-63 cell line were purchased from the Cell Bank of the Type culture collection of the chinese academy of Sciences.
The lentiviral vector plvx-dsred (containing dsred, a red fluorescent protein) and recombinant lentivirus plvx-coX2-dsred (containing dsred and COX-2) were constructed by Sangon Biotech co., ltd. High glucose dMeM was purchased from Gibco (Thermo Fisher Scientific, Inc). FBS was purchased from Beijing Sijiqing Biotechnology co., ltd. (https://www.11467.com/beijing/co/739711.htm). Trypsin, riPa lysis buffer, super-sensitive enhanced chemiluminescence (ECL) reagent, SDS-PAGE gel preparation kits, SdS-PaGe sample loading buffer, SdS-PaGe electrophoresis buffer, Matrigel matrix and western blot transfer buffer were purchased from Beyotime institute of Biotechnology. Human MMP-2 (ml058669), MMP-9 (ml058617) and vascular endothelial growth factor (VEGF; ml064281) ELISA kits were purchased from Shanghai Meilian Biotechnology co., ltd. e-cadherin (abcam, ab194982), vimentin (abcam, ab193555), MMP-2 (abcam, ab92536), MMP-9 (abcam, ab38898), Pi3K (abcam, ab191606), phosphorylated (p)-Pi3K (Bioss, bs4605), aKT (abcam, ab179463), p-aKT (abcam, ab81283), iKK (abcam, ab178870), p-iKK (abcam, ab38515) and nF-κB (abcam, ab207297) rabbit monoclonal antibodies were purchased from abcam and Bioss. dylight 488-conjugated goat anti-rabbit immunoglobulin G (igG; GTX213110-04) was purchased from GeneTex inc., and horseradish peroxidase-conjugated goat anti-rabbit igG (7074P2) was purchased from cell Signaling Technology, inc. The coX-2 inhibitor nS398 and the Pi3K inhibitor lY294002 were purchased from Medchemexpress llc.
Cell culture. MG-63 and 293T cells were cultured in high-glucose DMEM containing 10% FBS at 37˚C in a 5% co 2 incubator. Subculture was performed when the cells reached a confluence of 80-90%.
Experimental grouping and lentiviral infection. The plvx-DsRed (1 µl) or plvx-COX2-DsRed (1 µl) plasmid stock solution (1.67 µg/ml) was transfected (Polybrene, Thermo Fisher Scientific, inc.) to 293T cells in log phase for virus propagation, in order to obtain recombinant plvx-dsred and plvx-coX2-dsred lentiviruses with a titer of 5x10 10 particle forming units/µl. The virus was collected 72 h after transfection.
MG-63 cells were subcultured at a confluence of 50-60% and the corresponding lentiviruses with an optimal multiplicity of infection (Moi; 25) were individually added; the expression of dsred in the cells was observed and recorded after 24 h. The experimental groups were as follows: i) plvx-dsred group, MG-63 cells infected with the empty lentiviral vector plvx-dsred; ii) plvx-coX2-dsred group, MG-63 cells infected with the recombinant lentivirus plvx-coX2-dsred; iii) nS398 group, MG-63 cells infected with plvx-coX2-dsred and then treated with the coX-2 inhibitor nS398 (3.8 µM) for 24 h; and iv) lY294002 group, MG-63 cells infected with plvx-coX2-dsred and then treated with the Pi3K inhibitor lY294002 (5 µM) for 24 h.
Transwell chamber migration and invasion assays. For the migration assay, cells in the plvx-dsred, plvx-coX2-dsred, nS398 and lY294002 groups were collected and digested with pancreatin. Single-cell suspensions of 1.5x10 5 cells/ml were prepared using serum-free medium. For each group, 400 µl/well of the suspension was loaded into the upper chamber of the Transwell insert and 600 µl of culture medium containing 20% FBS was added to the lower chamber; six parallel controls were established for each group. after culturing at 37˚C in a 5% CO 2 incubator for 24 h, the Transwell inserts were removed from the culture plate and fixed in anhydrous methanol at -20˚C for 5 min. Cells in the upper chamber, which had not migrated, were gently removed using a cotton swab. The migrated cells were stained with 0.25% crystal violet for 5 min and subsequently washed with PBS to remove the excess crystal violet. The stained cells were observed and images captured using a microscope (magnification, x200, routine light microscopy) and cell counting was performed in 6 randomly selected fields to determine the number of migrated cells.
The invasion assay was performed in the same manner as the migration assay, except that Matrigel-coated Transwell chambers were used.
Determination of changes in E-cadherin, vimentin and
NF-κB protein expression levels using immunofluorescence assays. cells from each group were collected and digested with pancreatin. Single-cell suspensions of 1x10 4 cells/ml were prepared using high-glucose dMeM containing 10% FBS. For each group, a 6-well plate was inoculated with 1 ml/well of the suspension and cultured at 37˚C in a 5% CO 2 incubator for 24 h. Subsequently, the cells were washed with PBS, fixed with 4% paraformaldehyde at room temperature for 15 min, washed again with PBS, permeabilized in 0.25% Triton for 15 min and blocked with blocking buffer (5% BSA in 0.25% Triton) for 30 min at 37˚C. After the removal of excess blocking buffer, primary antibodies in blocking buffer were added at the following dilutions: e-cadherin (1:500), vimentin (1:500) and nF-κB (1:200). The cells were incubated at 4˚C overnight, washed with PBS and the dylight 488-conjugated secondary antibody (1:2,000) was added. after incubation at room temperature for 1 h, the cells were washed with PBS. Cells were imaged using a fluorescent microscope. The optical density (od) values of the cells were analyzed as the integrated optical density (iod)/total area, and iod values were calculated using image-Pro Plus (version 6.0, Media cybernetics, inc.). The concentration of daPi used 15 µg/ml, for 5 min at 37˚C.
Determination of changes in the levels of MMP-2, MMP-9 and VEGF in the supernatant of MG-63 cells using ELISA.
The culture supernatant was obtained from the cells of each group following growth for 48 h in the media and centrifugation (1, 200 x g for 5 min at 37˚C). Changes in the levels of MMP-2, MMP-9 and VEGF were measured using ELISA kits, according to the manufacturer's instructions.
Determination of changes in the levels of PI3K, p-PI3K, AKT, p-AKT, IKK and p-IKK protein expression using western blotting. cells from each group were collected, lysed on ice with riPa buffer, collected in a centrifuge tube and further lysed for 30 min. after centrifugation at 13,000 x g for 10 min at 4˚C, the supernatant was collected and protein concentration measured with a Bca assay. after the addition of 4X sample loading buffer, the cells were boiled for 5 min to allow sufficient denaturation and stored at -20˚C before use. SDS-PAGE was performed using a 10% separating gel and 5% stacking gel. The loading volumes were determined based on protein concentration (20 µg per lane). after electrophoresis, the samples were transferred onto PVDF membranes and blocked with 5% skimmed milk/TBST (0.1% Tween-20) at 37˚C for 90 min. Subsequently, the cells were incubated overnight with the following primary antibodies: Pi3K (1:1,000), p-Pi3K (1:2,000), aKT (1:750), p-aKT (1:1,000), iKK (1:1,000) or p-iKK (1:1,500). Membranes were washed with PBS, incubated for 1.5 h at room temperature with the secondary antibody (1:6,000), washed with PBS again, and then visualized using ecl reagent. The od values of the samples were analyzed using image-Pro Plus.
Statistical analysis. The experimental data (n=3) were analyzed using SPSS 21.0 (iBM corp.). Quantitative values were expressed as the mean ± standard error of the mean. comparisons between multiple groups were performed using one-way anoVa, and pairwise comparisons were performed using the least significance difference test. P<0.05 was considered to indicate a statistically significant difference. Fig. 1A , strong red fluorescence was observed in the plvx-dsred and plvx-coX2-dsred infected groups. Western blotting results further demonstrated a significant increase in COX-2 protein expression levels in cells of the plvx-coX2-dsred group compared with that in the plvx-dsred group (Fig. 1B) . These results indicated that the lentiviral infections and coX-2 overexpression were successful.
Results

Generation of recombinant lentivirus-infected MG-63 cells overexpressing COX-2. As shown in
COX-2 overexpression promotes the migration and invasion
of MG-63 cells. results of the Transwell chamber assay indicated that the number of migrated and invaded MG-63 cells was significantly higher in the plvx-COX2-DsRed group compared with the plvx-dsred group (Fig. 2) . The number of migrated and invaded cells were significantly decreased in the nS398-and lY294002-treated groups compared with the cells infected with plvx-coX2-dsred alone (Fig. 2) . The number of migrated and invaded cells in the nS398 and lY294002 groups were not significantly different from each other (Fig. 2) . These results indicated that coX-2 overexpression promoted the migration and invasion of MG-63 cells. shown in Fig. 3A and B , the results of the immunofluorescence assay indicated that E-cadherin expression was significantly lower in MG-63 cells infected with plvx-coX2-dsred compared with cells infected with plvx-dsred control. Expression of E-cadherin was significantly higher in cells treated with nS398 or lY294002 compared with cells infected with plvx-coX2-dsred alone ( Fig. 3a and B ). The expression of vimentin was significantly higher in MG-63 cells infected with plvx-coX2-dsred than in cells infected with plvx-dsred ( Fig. 3C and D) . Vimentin expression was significantly lower in cells treated with nS398 or lY294002 than in cells infected with plvx-coX2-dsred alone ( Fig. 3c and d) .
COX-2 overexpression inhibits the expression of E-cadherin and promotes the expression of vimentin in MG-63 cells. as
COX-2 overexpression increases the secreted levels of MMP-2,
MMP-9 and VEGF in MG-63 cells. eliSa results indicated that the levels of MMP-2, MMP-9 and VEGF were significantly higher in the culture supernatant of cells infected with plvx-coX2-dsred than of cells infected with plvx-dsred (Fig. 4a ). The expression levels of MMP-2, MMP-9 and VeGF in MG-63 cells were also significantly higher in cells infected with plvx-coX2-dsred than in cells infected with plvx-dsred ( Fig. 4B) . By contrast, the levels of MMP-2, MMP-9 and VeGF in the culture supernatant were significantly lower in MG-63 cells treated with nS398 or lY294002 compared with cells infected with plvx-coX2-dsred alone ( Fig. 4a and B) .
COX-2 overexpression promotes the expression of NF-κB.
immunofluorescence assay results indicated that the total protein expression levels of nF-κB were significantly higher in MG-63 cells infected with plvx-coX2-dsred than in cells infected with plvx-dsred (Fig. 5 ). The total protein expression levels of nF-κB were significantly lower in cells treated with nS398 or lY294002 than in cells infected with plvx-coX2-dsred alone (Fig. 5 ). 
COX-2 overexpression promotes the phosphorylation of PI3K, AKT and IKK proteins.
Western blotting results indicated that the expression levels of p-PI3K, p-AKT and p-IKK were significantly higher in MG-63 cells infected with plvx-coX2-dsred than in cells infected with plvx-dsred (Fig. 6 ). The expression levels of p-PI3K, p-AKT and p-IKK were significantly lower in cells treated with nS398 or lY294002 than in cells infected with plvx-COX2-DsRed alone (Fig. 6 ). However, no significant differences were observed in the total protein levels of Pi3K, aKT, and iKK among the groups.
Discussion
The results of the present study demonstrated that coX-2 overexpression decreased the expression of e-cadherin and increased the levels of vimentin, MMP-2, MMP-9 and VeGF through the activation of the Pi3K/aKT/nF-κB signaling pathway, enhancing the invasive ability of MG-63 osteosarcoma cells.
Metastatic invasion and migration are important hallmarks of malignant tumors, and the acquisition of these characteristics leads to a significant increase in the mortality rate of cancer (19, 20) . currently, the mechanisms by which tumor metastasis occurs remain poorly understood; however, many studies have indicated that tumor metastasis is not an isolated event, but the influence of a combination of internal and external factors leads to changes in the signaling networks within tumor cells following an accumulation-mutation model, When the accumulation of such changes reaches a critical threshold, tumor cells acquire metastatic characteristics resulting from the changes in these gene-signaling networks (21, 22) . osteosarcoma is a highly malignant tumor that is extremely prone to metastasis during the early stages and has a high incidence of hematogenous metastasis, which often occurs during the early stages, and has high recurrence and metastasis rates (3) . The lungs are the most common site of osteosarcoma metastasis, and lung metastases are associated with poor clinical efficacy and prognosis (3) . As there are relatively few studies investigating the mechanism of osteosarcoma metastasis, the present study was conducted to explore the mechanism by which the metastasis of osteosarcoma occurs using the human osteosarcoma cell line MG-63. in osteosarcoma tissue and SaoS-2 cells, the positive expression rate of coX-2 can be as high as 67-92% (10, 11) . Furthermore, in osteosarcoma, the expression of coX-2 in stem cells spheres is 141-fold greater than in daughter adherent cells, thus endowing these tumors with the characteristics of drug resistance, metastasis and recurrence (12) . coX-2 is also the predominant rate-limiting enzyme in prostaglandin synthesis; its overexpression in tissues of advanced osteosarcoma results in the production of large amounts of prostaglandin 2, which aggravates inflammation and promotes metastasis.
in the present study, coX-2 overexpression increased the migratory and invasive ability of MG-63 cells, while the inhibition of coX-2 activity decreased MG-63 cell migration and invasion. Furthermore, it was found that coX-2 promoted the production of MMP-2, MMP-9, VeGF and vimentin, and inhibited e-cadherin production, in MG-63 cells. The use of the coX-2 inhibitor nS398 reversed the aforementioned changes in protein expression caused by the overexpression of coX-2. MMP-2 and MMP-9 can promote cell metastasis through the degradation of the extracellular matrix (23, 24) . The increased expression of vimentin and decreased expression of e-cadherin also promotes metastasis (25, 26) . These changes indicated that the cells were undergoing eMT, leading to the dedifferentiation of epithelial cells into mesenchymal cells, and changes to cell morphology and polarity, providing cells with the conditions for the acquisition of metastatic characteristics. Therefore, it can be deduced that COX-2 affects metastasis by influencing the eMT process in osteosarcoma MG-63 cells.
Multiple signaling pathways are involved in the acquisition of tumor characteristics by cells, including the erK pathway, the Wnt/β-catenin pathway, the Pi3K/aKT pathway, the nF-κB pathway and the transforming growth factor (TGF)-β1/Smad pathway. These pathways can be activated through continuous stimulation by a large number of external signals or by mutation-induced changes in pathway components, thus promoting tumor incidence and growth. Previous studies have found that activation of the Pi3K/aKT pathway in osteosarcoma promotes cell proliferation and metastasis, provides cells with drug resistance, participates in angiogenesis and regulates changes in the cell cycle (17, 27) . other previous studies have revealed that the Pi3K/aKT pathway is abnormally activated during lung metastasis of osteosarcoma cells. He et al (18) analyzed the relationship between aKT single nucleotide polymorphisms and osteosarcoma, and demonstrated that chinese patients with osteosarcoma who possessed the genotype AA of AKT rs6973569 had a higher risk of metastasis. Furthermore, a study by Guo et al (28) showed that TGF-β1 could induce the metastasis of Saos-2 cells through the activation of the Pi3K/aKT signaling pathway. Hou et al (29) found that the knockdown of TGF-α inhibited the activation of the Pi3K/aKT/nF-κB signaling pathway, which downregulated the expression of intercellular adhesion molecule-1 and resulted in decreased distant metastases of osteosarcoma cells. another previous study showed that the inhibition of the aKT pathway decreased MMP-2 secretion, thereby inhibiting the development of pulmonary metastasis in nude mice implanted with lM8 cells (30) . in addition, a previous study reported that the blockade of the Ras/PI3K/AKT signaling pathway in a xenograft mouse model of osteosarcoma decreased the expression and activity of MMP-1, MMP-2 and MMP-9, leading to a decreased level of lM8 cell metastasis (31) .
in view of the aforementioned studies, it can be deduced that activation or inhibition of the Pi3K/aKT signaling pathway in osteosarcoma can affect tumor cell metastasis. Further experiments were conducted to verify whether this pathway is a signal pathway dependent on coX2 to promote MG63 cell metastasis. The findings of the present study indicated that when coX-2-overexpressing MG-63 cells were treated with the Pi3K inhibitor lY294002, the invasive ability of the cells decreased significantly. In addition, the expression of MMP-2, MMP-9, VEGF and vimentin decreased significantly, while the expression of E-cadherin significantly increased, indicating that inhibition of Pi3K activity reversed the increased invasive ability of MG-63 cells caused by coX-2 overexpression. Furthermore, quantification of the protein expression levels of Pi3K, p-Pi3K, aKT, p-aKT, iKK and p-iKK revealed that coX-2 overexpression in MG-63 cells was accompanied by an increase in the phosphorylation levels of Pi3K, aKT and iKK. conversely, the inhibition of coX-2 or Pi3K activity resulted in a reversal of the increased phosphorylation of Pi3K, aKT and iKK, while the total protein levels did not change. activated iKK can activate nF-κB through the degradation of iκB (inhibitor of nF-κB), allowing the import of nF-κB into nuclei (32) . a previous study found that the nuclear import of nF-κB can initiate MMP expression and promote eMT (33) . in the present study, it was found that the protein expression of nF-κB was upregulated by coX-2 overexpression and reduced by the inhibition of coX-2 and Pi3K.
in conclusion, the present study reported for the first time, to the best of our knowledge, that COX-2 overexpression promoted eMT and invasion in osteosarcoma MG-63 cells by activating the Pi3K/aKT/nF-κB signaling pathway. This provides a theoretical basis for the development of drugs targeting coX-2. However, owing to the complexity of intracellular signaling networks and the limitations of in vitro experiments, further studies are required to verify whether coX-2 can be used as a therapeutic target for the development of drugs to treat osteosarcoma. 
